Pseudomonas aeruginosa mutants which do not express ferripyochelin-binding protein (FBP) on the cell surface have previously been isolated. These mutants were used to assess the role of FBP in virulence in an acute and a systemic animal infection model. In a mouse corneal infection model, the pathology of eyes infected with the mutant strains was significantly less than that of eyes infected with the parent strain. The mutants were also cleared more rapidly from the eye. In a burn infection model, the mortality rate in mice infected with mutant FBP-28 was much less than that of mice infected with the parent strain at an inoculum of 102 CFU. At higher inocula (104 CFU), the mortality rate was not significantly different but the survival time was dramatically longer with the mutant strain. Quantitative bacteriology of blood and tissue homogenates revealed that P. aeruginosa PAO could multiply in the skin and could also be cultured from the blood, livers, and spleens of infected mice. FBP-28 could only be cultured from the skin. Therefore, this mutant could colonize the skin but could not disseminate. These data indicate that functional, exposed FBP is required for virulence of PAO.
Iron acquisition by pathogenic bacteria is a prerequisite for the establishment and maintenance of infections (14) . Most iron in mammalian systems is bound to glycoproteins, such as transferrin or lactoferrin, and is not easily accessible for microbial growth. To compete with these host ironbinding proteins, bacteria synthesize and secrete iron chelators or siderophores (10) . In gram-negative bacteria, the siderophores bind iron and transport it into the cell via an outer membrane receptor (11) . The siderophore pyochelin has been shown to stimulate the in vitro growth of Pseudomonas aeruginosa in the presence of transferrin or human serum (1) . The addition of pyochelin has also been shown to increase the growth and survival of virulent strains of P. aeruginosa in immunocompromised mice (5) .
We have previously identified an outer membrane protein which binds the siderophore pyochelin in complex with iron (19) . This ferripyochelin-binding protein (FBP) is exposed on the surface of P. aeruginosa in low-iron-grown cells (21) . Recently, Tn5 insertion mutants have been isolated from P. aeruginosa PAO which do not express FBP on the cell surface. FBP is present in the outer membrane of these mutants, but there is no FBP detectable on the cell surface by either indirect immunofluorescence techniques or wholecell immunoblot assay (17) . These mutants are unable to take up the ferripyochelin complex. When grown in vitro in the presence of iron chelators, such as transferrin or ethylenediamine-N,N'-diacetic acid, the mutants have a prolonged lag phase of growth compared with that of the parent strain, although they are able to grow in the presence of these compounds (17) .
In the present study, these FBP mutants were used to assess the role of FBP in virulence in both a mouse corneal infection model and a burn wound model. The ability of the FBP mutants to colonize injured corneas and burn wounds and to contribute to the pathogenicity of P. aeruginosa infections was examined.
MATERIALS AND METHODS
Strains and culture conditions. P. aeruginosa PAO, originally isolated by Holloway et al. (8) , was the parent strain of mutants used in this study. FI3P-4 and FBP-28 are independently isolated Tn5 insertion mutants which have been previously described (17) . These mutants do not express FB3P on the cell surface and therefore do not take up ferripyochelin. The production of iron-regulated virulence factors (3, 18) by these mutants and by PAO is summarized in Table 1 .
Cultures were grown in M9 minimal salts medium with 0.5% glucose (15) (22) . Elastase activity was measured on nutrient agar with 0.3% elastin (Sigma) (18) . Pyochelin was measured as previously described (16) . Pyoverdin was assayed in culture supernatants which were adjusted to pH 2.0 and extracted with ethyl acetate (ethyl acetate-supernatant, 2:5). The aqueous phase was diluted into 50 mM Tris hydrochloride (pH 7.4), and fluorescence was measured at 460 mm, while the sample was excited at 400 mm in a Gilson Spectro-glo fluorometer (1) . The fluorescence observed with PAO was considered to be 100%.
Mouse corneal infections. Corneal infections were established in mice as previously described (12, 23 ). Bacteria at (1) . The fluorescence observed with PAO was considered to be 100%.
applied to the traumatized corneas. Each strain was tested in a group of 10 mice. Control eyes were traumatized and treated with 5 ,ul of PBS. Mice were anesthetized, and the eyes were examined under a stereomicroscope at intervals during each experiment. The degree of corneal damage was quantitated according to a corneal damage index. As previously defined (12) , an index of 1.0 indicates light or partial opacity and a 4.0 indicates perforation of the cornea.
Bacteria were recovered from the eyes with a cotton swab moistened with PBS and streaked onto the medium of King et al. (9) . P. aeruginosa colonies were identified after incubation at 37°C by their green pigment. Eyes from which bacteria were not recovered for 2 consecutive days were considered culture negative.
Mouse burn infections. The burn model of Pavloskis et al. (13) was used to assess virulence of these mutants. Each group consisted of 10 mice. Deaths were monitored at least every 8 h for 5 days. No deaths occurred after this time.
Quantitation of bacteria in tissues and skin. Mice were killed by cervical dislocation, and blood was obtained by cardiac puncture. Three mice were sacrificed at each time point. Serial dilutions of the blood were immediately plated on the medium of King et al. (9) to quantitate bacteria. The livers and spleens were removed and homogenized in 5 ml of cold PBS by using a Polytron homogenizer (Brinkmann Instruments, Inc.), and the number of bacteria was determined as for blood. Full-thickness skin specimens were obtained as described by Cryz et al. (6) . The skin was weighed and homogenized in 5 ml of PBS, and appropriate dilutions were plated on the agar of King et al. (9) When PAO was applied to the wounded corneas, extensive opacity was observed in all eyes 2 days after infection (Fig.  1) . By day 4, the pathology had progressed to include dense central opacity with some central necrosis. This pathology persisted for at least 20 days after infection, when the experiment was terminated. When the same inoculum of FBP-4 or FBP-28 was applied to the corneas (106 CFU/ml), only a light or partial opacity was observed 2 days after infection. The pathology did not change significantly over the course of the experiment. By day 8, there was no difference between eyes infected with FBP-4 or FBP-28 and control eyes, which were inoculated with PBS. Even when a 10-fold-higher inoculum of either mutant was applied to the corneas (107 CFU), there was no significant difference in the pathology observed (Fig. 1) . Therefore, both mutants were essentially avirulent in this infection model.
Ability of FBP mutants to colonize the cornea. The mutants FBP-4 and FBP-28 were significantly less capable of establishing corneal infections than the parent strain PAO was. PAO was recovered from 70% of the eyes 2 days after infection (Fig. 2) . With inocula of 106 CFU, only FBP-4 was cultured from the eyes at day 2 and only from 10% of the its deficiency in toxin A production and since there were no differences between the mutants in the previous model.
The mortality rates of mice infected with FBP-28 or PAO were compared by using three different inocula. When 102 CFU was used as the inoculum, 100% of the mice infected with PAO died; however, only 20% of the mice infected with FBP-28 died (Fig. 3) . When the inoculum was 103 CFU, the percent mortality was not significantly different in the two strains, but the time of death was dramatically different. Mice infected with PAO were all dead within 36 h, whereas 50% of the mice infected with FBP-28 were alive 75 h after infection. Similar results were observed with an inoculum of 104 CFU. These data indicate that FBP-28 was much less virulent in burn wound infections but at high enough inocula it could cause fatal infections. However, the time required to cause a fatal infection was significantly longer than that required by the parent strain.
Recovery of bacteria from blood and tissues. Subcutaneous injection of P. aeruginosa into burn sites in mice has previously been shown to result in lethal infections with bacteremia and systemic invasion (13) . To determine whether infection with FBP-28 results in systemic invasion, the blood, livers, and spleens of animals infected with PAO or FBP-28 were removed and quantitatively cultured. When mice were infected with 102 CFU of strain PAO, bacteria could be recovered from blood, livers, and spleens by 23 h postinfection (Table 2) . At 42 h after infection, the number of bacteria isolated ranged from 1 x 103 to 2.8 x 106 CFU/ml from tissues which were culture positive. FBP-28, however, was not cultured from the blood, liver, or spleen of any of the animals except from the liver of one mouse at 42 h, which contained 102 CFU/ml. These data indicate that the mutant FBP-28 rarely disseminated and did not result in systemic infection from burn wounds.
In a separate experiment, the abilities of FBP-28 and the parent strain PAO to colonize the skin at the burn wound site were examined. Mice were infected with 102 CFU of PAO or FBP-28. Strain PAO could be cultured from the skin as early as 6 h after infection (Fig. 4) . At this time, the mean CFU/g of skin was 2.3 x 103. By 24 h after infection, the number of bacteria recovered from the skin was 1.9 x 108 CFU/g. The numbers remained at this level for 48 h; however, many of the mice died during this time period. FBP-28 could be cultured from the skin of infected animals; however, the number of mutant bacteria recovered was much lower than the number of PAO bacteria recovered (Fig. 4) . The FBP-28 mutant did multiply in the skin, since 1.3 x 105 CFU/g of skin were recovered at 24 h after infection. By 48 h, no bacteria were recovered from the skin, indicating that the infection was probably cleared by this point. These data suggest that although FBP-28 does not cause systemic infections from mouse burns, it can colonize and multiply in the skin of infected animals. Effects of added iron on virulence in mouse burn infections. To determine whether the inclusion of iron with the inoculum would restore virulence of FBP-28, iron-dextran was injected intraperitoneally 1 h prior to infection in some mice. Iron-dextran (5 mg) in 0.1 ml of PBS was injected into eat mouse. Controls received only PBS. Mice treated with iron-dextran and injected with 102 CFU of PAO died more quickly than mice receiving no iron-dextran. The administration of iron-dextran had no effect on the virulence of FBP-28. In this experiment, no mice died when infected with 102 CFU of FBP-28, regardless of whether they received iron-dextran (data not shown). Therefore, the administration of excess iron appears to increase the virulence of the parent strain but not that of the mutant.
DISCUSSION
Iron acquisition has been shown to be necessary for virulence of P. aeruginosa PAO in mouse corneal infections. Little was known, however, about the specific role of FBP in corneal infections due to this organism, Similarly, a number of P. aeruginosa products have been shown to contribute to the pathogenicity of burn infections caused by this organism (7) , but the importance of iron acquisition in P. aeruginosa burn infections has not previously been examnined. Antibodies to FBP were previously shown to be protective against infections by some P. aeruginosa strains in the mouse burn model (20) ably is unable to take up ferripyochelin even in the presence of excess iron. Therefore, the administration of iron compounds is ineffective in increasing the virulence of this strain.
It is interesting that a single Tn5 insertion (17) in FBP-4 results in a deficiency of both toxin A and FBP expression. This suggests that there is linkage or coregulation of these products. Further studies are in progress to determine the relationship between toxin A production and FBP expression.
In summary, surface-exposed FBP is an important virulence factor in experimental infections due to P. aeruginosa. FBP is required for the establishment of corneal wound infections. It contributes to the colonization of burn wounds by P. aeruginosa and appears to be required for the dissemination of organisms from the burn site. Therefore, these data indicate that FBP is a significant component in the armamentarium responsible for the pathogenesis of P. aeruginosa infections.
